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Simultaneous occlusion of Na and phosphate by the intestinal
brush border membrane Na7phosphate cotransporter
BRI E. PEERCE
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Simultaneous occlusion of Na and phosphate by the intestinal brush
border membrane Nat/phosphate cotransporter. The molecular mecha-
nism of Na and phosphate transport by the intestinal brush border
membrane Nat/phosphate cotransporter was examined using anion and
cation exchange columns interfaced to a light-activated microsecond
timer. The nature of ion:cotransporter interaction was examined for
sensitivity to itself versus non-substrates, and sensitivity to amino acid
specific reagents. Two possible ion:cotransporter interactions were exam-
ined: (a) ion bound, where ion exchanges rapidly with medium ion hut not
non-substrates, and (h) ion occluded, where ion exchanges slowly with
medium ion. The Nat/phosphate cotransporter was found to occlude Na
or Na and H2P04, but not H2P04 alone or HPO4. Phosphate occlusion
had an absolute requirement for Na with K or Cs unable to substitute.
Phosphate occlusion distinquished between phosphate and sulfate. Deoc-
elusion from the fully loaded cotransporter was consistent with the release
of 2 Na 's prior to phosphate. These results predict two ternary cotrans-
porter conformations differing in the Na sensitivity of their phosphate
affinity.
Ion transport by membrane proteins has been modeled as
including a transition state in which the transported ion lies in an
energy well between the cytoplasm and the external medium. For
ion transporting ATPases this state has been called an "occluded
state" characterized by restricted access of the occluded ion to
exchange with the external medium. The occluded state interme-
diate has been shown to be a catalytic cycle intermediate for a
number of transport proteins including the Na/K ATPase
[1—4], the H '7K ATPase [5], the Ca2 ATPase [6], and perhaps
the Na/glucose cotransporter [7]. The characteristics of this
intermediate and the residues involved in the formation and
release of the occluded ion would provide new insights into the
mechanism of membrane transport proteins. Our interest in
developing partial reaction assays led to an examination of the
Nat/phosphate cotransporter for occluded state intermediates.
The initial descriptions of occluded states in the ion transport-
ing P-type ATPases focused on equilibrium studies using ion
exchange columns and a single time point. We have developed a
light-activated micro-second timer that can be interfaced to the
ion exchange columns to monitor protein residence time in the
columns. The resulting direct kinetic determinations of protein:
ion interaction has enabled us to define a number of Na/
phosphate cotransporter transition states, and the rates of Na
and phosphate occlusion and deocclusion.
Methods
The intestinal Nat/phosphate cotransporter was prepared as
previously described [8—10]. The protein was proteoliposome
reconstituted and assayed for Nat-dependent [32P] phosphate
uptake using 0.22 jx filters as previously described [9, 10]. Na-
dependent phosphate uptake was defined as uptake in the pres-
ence of 100 mivi cis NaCl or 100 mtvi cis TMAC1, 50 mM KCI, 10
mM Hepes/Tris pH 7.4, 5 xM valinomycin, and 25 p.M [32P]
phosphate. Prior to assay, proteoliposomes were equilibrated with
200 mvi mannitol, 50 mrvi KCI, and 10 mivi Hepes/Tris pH 7.4 by
pre-incubation for 12 hours at 8°C. Na-dependent phosphate
uptake was defined as uptake in the presence of Na minus
uptake in the presence of TMA. Uptakes varied between 12 to
14 nmol/mg protein sec for protein used during the course of the
these studies.
Ion occlusion by the Nat/phosphate cotransporter was exam-
ined using CHAPS solubilized cotransporter. Protein was solubi-
lized in 0.1% Cl-lAPS, and 2 mivi imidazole-S04 pH 7 at a final
protein concentration of 200 p.g/ml. Dowex 1X-8 (anion form) was
used to measure [32P1 phosphate occluded. The Dowex was
equilibrated with 1 m potassium phosphate or 1 m potassium
sulfate, 0.1% CHAPS, and 2 mrvt imidazole-HC1 pH 7. Protein was
equilibrated with 100 p.M [32P1 phosphate (1.5 x 106 cpm/mg), 2
mM imidazole-HC1 pH 7 for 20 minutes at 8°C. Na occluded was
determined using Dowex 50 W (cation form) equilibrated with 1
mM NaC1 or 1 m KCI, 0.1% CHAPS, and 2 mM imidazole-S04
pH 7. In some experiments (diFP) potassium difluorophosphate
(0.1 m to 1 mM) or (MFP) potassium monofluorophosphate
(0.05 m to 1 mM) were added to the Dowex equilibration. [22Na]
occluded was determined as above following protein equilibration
with 0.1% CHAPS, 2 mivi imidazole-S04 pH 7, and 100 p.M [22Na]
(2 X 106 CPM/mg). Protein was eluted through Dowex columns of
variable length (1 cm to 5 cm) by vaccuum. Residence time on the
Dowex column was determined using the instrument shown in
Figure lB. Residence time was varied between 15 msecond and
two seconds. Counts washing through the column in the absence
of protein was determined using the identical solutions and
columns designed to yield residence times of between 15 msecond
and 800 msecond. To determine the protein blank for a particular
residence time a standard curve of CPM versus time (see) was
constructed and the appropriate protein-free control determined
from the curve. All results are protein-associated counts which
were determined from total counts minus (protein-free) counts.
Protein eluting from the column was determined using the
BIORAD assay with IgG as standard.© 1996 by the International Society of Nephrology
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Kinetics of [22NaJ occlusion or [32P] phosphate occlusion was
determined using Sephadex + Dowex columns as described by
Richards and Glynn [2] and the instrumental set-up shown in
Figure 1A. Na occlusion was determined using Sephadex G-25
equilibrated with 100 /.LM [22Na] 2 >< 106 CPM/ml, 0.1% CHAPS,
and 2 ms'i imidazole-S04 pH 7. [32P] phosphate occlusion was
determined using Na equilibrated protein and Sephadex G-25
equilibrated with 50 M [32P] phosphate (2 X 106 CPM/ml), 0.1%
CHAPS, and 2 mrvi imidazole-HCI pH 7. In some experiments
cotransporter was treated with 1 mrvt phenylglyoxal [11] or 2 mM
n-acetylimidazole [12] prior to the experiment to block the
phosphate [11] and Na [12] sites, respectively.
Results
Substrate occlusion by the Na t'phosphate cotransporter
Under the experimental conditions (10-fold Na gradient),
[22Na] not tightly associated with the cotransporter would be
expected to rapidly exchange with medium Nat Figure 2 indi-
cates that [22NaJ exchange with medium Na was slow (1.4 0.3
seconds1, N = 8) and independent of medium cation (solid
circles, NaC1 vs. open circles, KC1). [22Na] bound following
treatment with the Na site blocker, n-acetylimidazole (NA!) was
reduced 98% to 0.27 0.07 nmoles Na/mg protein (N = 5),
consistent with Na binding having the same tyrosine residue
requirement as Na7phosphate cotransport [14, 15]. Limited
medium ion exchange, identical Natmedium exchange in Na
(substrate) and K (non-substrate), and NAI sensitivity strongly
suggest that Na is occluded by the Nat'phosphate cotransporter,
A similar experiment examining [32P] phosphate bound to the
cotransporter is shown in Figure 3. In the presence of 1 mivi NaCl
[32P] phosphate release from the cotransporter was slow (1.1
0.3 seconds', N = 5), and independent of medium anion
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Fig. 2. Release of f22Na] from the Na /phosphate cotransporter. Protein
was equilibrated with 2 mi imidazole-S04 pH 7, 0.1% CHAPS, and 100
tLM [22Na] for 20 minutes at 4°C for 20 minutes, Protein was applied to
Dowex 50 W columns equilibrated with 2 mi imidazole-S04 pH 7, 0.1%
CHAPS, 1 mi NaCI (•) or 1 mi KCI (0), and rapidly pulled through the
Dowex by vaccuum. Residence times on the column were determined
using the microsecond timer set-up shown in Figure lB. Results are from
a single experiment and representative of 8 experiments.
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Fig. 3. Release of [32P] phosphate from Na/phosphate cotransporter. Pro-
tein was equilibrated with 1 mss NaCI, 100 /.LM [32P] phosphate, 2 mti
imidazole-HC1 pH 7, and 0.1% CHAPS for 20 minutes at 4°C. Equili-
brated protein was applied to Dowex 1X-8 columns equilibrated with 1
mM NaCI, 1 m potassium phosphate (•) or 1 m potassium sulfate (0),
0.1% CHAPS, and 2 ms imidazole-HCI pH 7. Residence time was
determined as described in Figure 2. Results are from a single experiment
and representative of 5 experiments.
(compare open circles {sulfate} to closed circles {phosphate}).
[32P] phosphate bound was inhibited by the phosphate site
blocker, PG and Na dependent. Pretreatment with phenylglyoxal
resulted in a 97% decrease in phosphate binding (0.21 0.05, N
= 5) similar to phosphate binding in the absence of Na (0.3
0.5, N = 5). These results indicate that phosphate is occluded by
the Nat/phosphate cotransporter in the presence but not the
absence of Nat
Rate of substrate occlusion by the Na /phosphate cotransporter
Using three sensors and two timers, and [22Na]-equilibrated
Sephadex, the time course of Na occlusion by the cotransporter
was examined. The results are shown in Figure 4. Na binding was
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Fig. 1. Light-activated microsecond timer. A. Instrumental set-up for mea-
surement of the rate of ion occlusion. B. Instrumental set-up for measure-
ment of occluded ion using ion equilibrated protein.
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Fig. 4. Binding of [22NaJ to the Na/phosphate cotransporter. Untreated
protein (•) and NA1-labeled protein (0) were equilibrated with 2 mM
imidazole-S04, and 0.1% CHAPS and applied to Sephadex G-25 +
Dowex 50 W columns. The Sephadex G-25 was equilibrated with 100 j.M
[22Na], 0.1% CHAPS, and 2 mt imidazole-S04 pH 7. Residence time in
the Sephadex and the Dowex were determined using the microsecond
timer set up shown in Figure 1A. Results are from a single experiment and
representative of 6 experiments.
rapid with an apparent rate Constant of 33 4 seconds1 (N = 6,
solid circles, solid line). Pretreatment with NAI (open circles,
dashed line) reduced Na binding from 13.8 1.1 nmol/mg (N =
6) to 0.2 0.02 nmol/mg (N = 6). The apparent rate constant for
Na binding to the cotransporter was in excellent agreement with
the rate constant for the Na-induced conformational change
measured using stopped flow fluorescence and Na quenching of
FITC-PG fluorescence (38 3 seconds , N = 12).
A similar series of experiments were performed examining
phosphate binding to the cotransporter. The results are shown in
Figure 5. [32P1 phosphate binding required Na (compare open
circles, dashed line {1 ifiM KCI} to solid circles, solid line {1 mM
NaC1}) and was phenyiglyoxal sensitive (solid squares, solid line).
in the presence of Na, 7.4 0.5 nmol of phosphate/mg protein
bound to the cotransporter with rate constant of 11 1.5 (N = 8).
Substitution of K for Na resulted in a 97% decrease in
phosphate binding (0.2 0.1 nmol of phosphate bound/mg
protein, N = 4). Phosphate binding following PG treatment was
similar to that seen in the absence of Na (0.3 0,13 nmol/mg
protein, N = 4). These results are consistent with Na being the
obligate first substrate [11—13], Na activation of phosphate
binding, and phenyiglyoxal sensitivity of Nat-dependent phos-
phate uptake [10, 14].
Substrate deocciusion from the Na 7phosphate cotransporter
Substrate release from the fully loaded Na7phosphate cotrans-
porter was examined using [22Na] and 0.1 mM diFP equilibrated
cotransporter, or Na + [32P} phosphate equilibrated cotrans-
porter, and Na + diFP or MFP equilibrated Dowex. The results
are shown in Figure 6.
Release/deocciusion of Na from the cotransporter was fit to a
single exponential with an apparent rate constant of 12 1.1
second' (N = 6) consistent with the release of both Nat's prior
to phosphate with diFP bound to the cotransporter (closed circles,
solid line) and Na + diFP equilibrated Dowex. In contrast, Na
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Fig. 5. Binding of [32P] phosphate to the Na/phosphate cotransporter.
Untreated (circles) and PG-labeled (solid squares) protein was equili-
brated with 1 ms NaCI (solid squares, and solid circles) or 1 mM KCI
(open circles, dashed line), 0.1% CHAPS, and 2 mM imidazole-S04 pH 7.
Equilibrated protein was applied to Sephadex + Dowex 1X-8 columns.
Sephadex was pre-equilibrated with 2 m imidazole-S04 pH 7, 0.1%
CHAPS, the appropriate cation, and 10 M [32I phosphate. The Dowex
was equilibrated with 2 mM imidazole-S04, 0.1% CHAPS, and 1 mM
potassium phosphate. Results are from a single experiment and represen-
tative of 4 experiments for KCI and PG-labeled protein, and 8 experiments
for NaCI.
release in Na4 + 0.2 mrvi MFP (open circles, dashed line) Dowex
was inhibited (0.9 0.2, N = 5) and significantly different from
the release of Na from the partially loaded cotransporter (Fig.
2). These results are consistent with previous reports suggesting
that H2P04 is the transport competent species of phosphate [15,
16].
Release of [32P] phosphate from the cotransporter equilibrated
with Na and phosphate is shown in Figure 6B. Phosphate release
in Na + diFP (closed circles) was fitted to a single exponential of
6 one second1 (N = 6). Phosphate release in Na + MFP
(open circles) was 88% inhibited (0.7 0.2, N = 4). These results
suggest that divalent phosphate acts on the fully loaded ternary
complex, consistent with previous reports that divalent and mono-
valent phosphate do not compete for the same binding site [14].
Discussion
A method for examining the nature of substrate binding to
soluble or detergent solubilized protein was described. This
method distinquished between occluded and bound ions based on
medium ion sensitivity. By definition, an occluded ion is one which
does not undergo self exchange with the medium. A bound ion
would be expected to undergo rapid exchange with self ion in the
medium, but not with similar ions which are not substrates.
Defining exchange as rapid or slow is less precise. To be part of
the catalytic cycle of the transporter, the exchange rate cannot be
slower than transport. In the case of the Nat/phosphate cotrans-
porter protein turnover rate is unknown. A crude estimate of
cotransporter turnover is possible by comparision with other
Nat-dependent cotransporters. The intestinal Nat/glucose co-
transporter has been estimated to turnover 5 to 10 times sec1
[17]. Comparison with other estimates of partial reaction rates is
limited to the interaction of Na with the cotransporter. Using
Na quenching of FITC-PG bound at or near the cotransporter
phosphate site as a measure of the Nat-induced conformational
change, a rate of 38 seconds1 was determined. Na occlusion
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Fig. 6. Release of substrates from the Na + phosphate conformation of the
Na/phosphate cotransporter. A. Release of [22Na] from the Na + phosphate
bound cotransporter. Protein was equilibrated with 100 j.M [22 Na], 0.1%
CHAPS, 2 mi imidazole-S04 pH 7, and I m potassium difluorophos-
phate. Protein was applied to Dowex columns equilibrated with 1 mM
NaCI, 0.1% CHAPS, 2 msi imidazole-S04 pH 7, and 1 m potassium
difluorophosphate (closed circles, solid line) or 0.2 m'vi potassium
monofluorophosphate (open circles, dashed line). Results are from a
single experiment and representative of 5 experiments. B. Release of [32P]
from Na + phosphate bound cotransporter. Protein was equilibrated with
1 mM NaCl, 0.1% CHAPS, 100 sM [32P] potassium difluorophosphate, and
2 mvi imidazole-S04 pH 7. Protein was applied to Dowex 1X-8 columns
equilibrated as above. Results are from a single experiment and represen-
tative of 6 experiments.
deocciusion of both Na's prior to phosphate. Two consequences
of this proposed sequence are: it predicts a cotransporter confor-
mation in which the phosphate affinity is Na f-independent.
Second, it predicts two fully loaded cotransporter conformations,
one which is divalent phosphate-insensitive and one which is
divalent phosphate sensitive. These predictions are currently
being examined as tests of the model.
Reprint requests to Brian E. Peerce, Ph.D., Department of Physiology and
Biophysics, Room F-41, 429 Basic Science Building, University of Texas
Medical Branch, Galveston, Texas 77555-0641, USA.
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had a rate constant of 33 seconds and like Na quenching of
FITC-PG fluorescence, appeared to involve 2 Na's/cotrans-
porter.
Based on our definitions of bound and occluded ion, we
conclude that the Nat/phosphate cotransporter occludes Na and
phosphate. Na occlusion takes place in the absence of phos-
phate, but phosphate occlusion requires prior Na binding.
Deocciusion of Na and phosphate has a similar order, with
